Introduction {#s1}
============

The epidemic of obesity, in part due to the consumption of a high-fat Western diet, has resulted in a marked increase in type 2 diabetes [@pone.0091234-Zimmet1]. Diabetes mellitus is a chronic endocrine disorder characterized by elevated blood glucose levels. In type 2 diabetes, the development of insulin resistance is a critical component of the dysregulation of blood glucose [@pone.0091234-Taylor1]. According to the National Diabetes Fact Sheet 2011, the Centers for Disease Control (CDC) reports that a total of 18.8 million individuals are diagnosed with diabetes in the United States with another 7.0 million undiagnosed [@pone.0091234-1]. Greater than 90% of these cases are type 2 diabetics with 80--90% of type 2 diabetics being obese [@pone.0091234-Bloomgarden1]. Statistics also indicate that the total estimated medical costs of diabetes in 2012 has reached \$245 billion [@pone.0091234-AmericanDiabetes1]. Though the complications of diabetes include heart attack and stroke, kidney disease, hypertension, amputations and blindness, the effects on the skeletal system, and particularly tendon injury and repair, are poorly understood [@pone.0091234-Boyle1], [@pone.0091234-Huang1].

Tendons transmit contractile forces from muscle to bone, resulting in joint movement. Following injury, tendon healing occurs in three overlapping phases: inflammatory, proliferative, and remodeling [@pone.0091234-Voleti1]. In the inflammatory phase, vasculature that surrounds the injury site contributes to the formation of a hematoma [@pone.0091234-James1], [@pone.0091234-Wojciak1]. Immune cells migrate to the wound site where cellular debris, necrotic materials, and foreign body matter are engulfed by phagocytosis [@pone.0091234-James1], [@pone.0091234-Sharma1]. This is also accompanied by an increase in cell number, fibronectin, glycosaminoglycan, water, and collagen 3, which collectively stabilize the newly formed provisional matrix [@pone.0091234-Palmes1]. Most importantly, tenocytes are recruited to the wounded area and proliferate [@pone.0091234-Voleti1], [@pone.0091234-Branford1]. The proliferative phase is characterized by profuse synthetic activity directed by macrophages and tenocytes. Macrophages release growth factors, while tenocytes deposit a matrix composed of collagen 3, which peaks during this stage [@pone.0091234-Voleti1], [@pone.0091234-Sharma1], [@pone.0091234-Palmes1]. During the remodeling phase, collagen 3 synthesis decreases while collagen 1 synthesis dominates [@pone.0091234-Voleti1], [@pone.0091234-Garner1], [@pone.0091234-Chuen1]. This is accompanied by a decrease in cellularity, matrix synthesis is reduced, and the extracellular matrix becomes more aligned [@pone.0091234-James1], [@pone.0091234-Loiselle1]. Collagen 1 fibers are organized longitudinally along the tendon axis and are responsible for the mechanical strength of the regenerated tissue [@pone.0091234-James1]. Lastly, the fibrous repair tissue gradually converts to scar tissue [@pone.0091234-Sharma1].

The strength and recovery of tendons from injury in the presence of diabetes have not been extensively assessed. Previous research has suggested, however, that diabetes compromises the biomechanical properties of injured tendons that are healed, such as the Achilles and those in the rotator cuff, by impairing the healing process [@pone.0091234-Bedi1]--[@pone.0091234-Gaida1]. To investigate impaired tendon repair and wound healing as a consequence of type 2 diabetes, an injury and repair model was developed for the flexor digitorum longus (FDL) tendon in the classic high fat diet-induced obese, diabetic mouse. We tested the hypothesis that metabolic dysfunction in this type 2 diabetes model would compromise the biomechanical properties and repair mechanisms of the FDL tendon following injury.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All handling of mice and associated experimental procedures were reviewed and approved by the University Committee on Animal Resources at the University of Rochester Medical Center.

Animals {#s2b}
-------

Male C57BL/6 mice purchased from Jackson Laboratories were housed 5 per cage in a microisolator room on a 12 hr light/dark cycle at the University of Rochester Medical Center. Mice were placed on a high fat (HF)(fat 60 kcal%, carbohydrate 20 kcal%, protein 20 kcal%; D12492) or low fat (fat 10 kcal%, carbohydrate 70 kcal%, protein 20kcal%; D12450B) diet at 5 weeks of age (Open Source Diets, Research Diets Inc., New Brunswick, NJ). Mice remained on the respective ad libitum diets for 12 weeks. Body weight and fasting blood glucose were measured monthly but reported here at 12 weeks and again at tissue harvest. For tail vein blood collection, mice were placed under isoflurane anesthesia in the morning following an overnight fast. Glucose measurements were made using a One Touch glucose meter (Lifescan, Inc.). Mice were either placed in the tendon injury study or fed a lean diet for an additional 12 weeks in the absence of an injury.

Surgical Procedure {#s2c}
------------------

At the time of surgery, mice were anesthetized via an intraperitoneal injection of ketamine (60 mg/kg body weight) and Xylazine (4 mg/kg body weight). Surgeries were performed aseptically with the aid of a 2× dissecting microscope. Briefly, a longitudinal incision was made from the right hind paw to the talus. Once the flexor digitorum longus (FDL) tendon was exposed with forceps, a spatula was placed under the tendon. Using another set of forceps opened to a fixed spacing of 3 mm, the tendon was lifted vertically, providing a gap between the tendon and spatula. The tendon was punctured using a ¾ inch long, beveled 23, 25, or 27 gauge needle that was passed through the tendon at a 45 degree angle while centered medially and laterally. The contralateral left limb was sham-operated with the uninjured but exposed tendon subsequently serving as an experimental control. Progression of the FDL tendon healing process was assessed through biomechanical and histological analysis at 0, 7, 14 and 28 days post-injury.

Biomechanical Testing {#s2d}
---------------------

For biomechanical testing, tissue surrounding the entire length of the tendon was removed, from the tarsal tunnel to the myotendinous junction. The proximal end of the FDL tendon was blunt dissected from the myotendinous junction, retaining a small amount of muscle attached to the end of the tendon. At the distal end, the hind paw was isolated together with the FDL tendon. Tendon and the attached hind paw were placed in 0.9% saline and stored at −20°C until testing.

At the time of testing, each tendon was thawed at room temperature for 30 min. The proximal end of the tendon was affixed to tape using cyanoacrylate glue and allowed to dry for 28 min while saturating the tendon with 1× phosphate buffered saline (PBS) to prevent dehydration. The initial length of the tendon for post analysis was measured from the footpad to the tendon/glue interface in all cases except the 12 week time point which was measured from the toes to the interface. The tendon was then loaded onto a uniaxial tensile testing machine, Instron DynaMite 8841 (Instron, Norwood, MA) by clamping the proximal end at the glue interface and the distal end at the paw [@pone.0091234-Hasslund1]. Tensile force was applied to create a distraction rate of 30 mm/min until failure. Force-displacement graphs were plotted and the maximum force, work to maximum force and stiffness were calculated.

Histology {#s2e}
---------

Tendons to be used for histologic analysis were isolated via a procedure that was similar to that utilized for biomechanical testing. In this case, the proximal end was freed of muscle and the distal end was separated from the paw at the tarsal tunnel. Tendons were affixed to cardboard coated with biopsy-grade bio-wrap (Leica Microsystems Inc., Buffalo Grove, IL) and suspended in 10% neutral buffered formalin overnight. Tissues were then dehydrated and embedded in paraffin. Five micron sagittal sections were cut beginning on the lateral side and progressing toward the medial side of the tendon. Sections through the injury site were stained with hematoxylin-eosin and picrosirius red.

Immunohistochemistry {#s2f}
--------------------

Immunohistochemistry was performed as described previously [@pone.0091234-Elfar1]. Briefly, an avidin-biotin peroxidase system (Vector Lab, Burlingame, CA, USA) was used to detect anti-insulin receptor rabbit polyclonal antibody (\#SC-711: Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Reactions were then visualized with diaminobenzidine (DAB) as substrate (Vector Lab, Burlingame, CA, USA). The sections were counterstained with hematoxylin. All staining procedures were performed as described by the manufacturer.

Quantification of Repair Tissue {#s2g}
-------------------------------

Area of tendon that was actively repairing and remodeling was quantitated on hematoxylin-eosin-stained sections as a fraction of total tendon area using OsteoMeasure software (OsteoMetrics, Decatur, GA) at 5× magnification. Similarly, cell densities in regions of repair were quantified by averaging cell counts in five representative sites within each repair region.

Statistical Analysis {#s2h}
--------------------

For data analysis of two groups, student\'s t-tests were performed (α = 0.05), while Analysis of Variance (ANOVA) with Bonferroni\'s post-hoc multiple comparisons (α = 0.05) were used when comparing three or more groups. Statistical analysis was done using Prism GraphPad 4.0 statistical software.

Results {#s3}
=======

Developing a mouse tendon injury model {#s3a}
--------------------------------------

While clinical evidence has indicated that the tendons of diabetic individuals have compromised biomechanical properties and have impaired healing capabilities [@pone.0091234-Chen1], [@pone.0091234-Akturk1], developing a preclinical load-bearing tendon injury model was necessary to study the mechanism of impaired healing. To that end, a tendon injury and repair procedure was developed in the high fat-fed C57BL/6 mouse, a classic mouse model of obesity and type 2 diabetes [@pone.0091234-Surwit1]. A needle puncture injury was evaluated and perfected to avoid the need for surgical repair of the injury and immobility of the tendon during the healing process, both common requirements in other published injury models ([Figure 1A--C](#pone-0091234-g001){ref-type="fig"}) [@pone.0091234-Palmes1], [@pone.0091234-Loiselle2], [@pone.0091234-Gelberman1]. To establish an injury that reduced tendon biomechanical properties by approximately 40--50%, tendons from 17-week-old mice were punctured *in situ* with needles of various diameters and immediately harvested. Biomechanical testing of the injured tendons showed statistically significant decreases in maximum force ([Figure 1D](#pone-0091234-g001){ref-type="fig"}) and work to maximum force ([Figure 1E](#pone-0091234-g001){ref-type="fig"}) in tendons penetrated with 23 gauge (p\<0.001) and 27 gauge (p\<0.01) needles when compared to the uninjured tendons. There was a significant decrease in stiffness (p\<0.05) only with the 23 gauge needle ([Figure 1F](#pone-0091234-g001){ref-type="fig"}). Based on these findings, the 23-gauge needle was chosen for all subsequent studies.

![Murine "Stab Injury" model.\
A 23-gauge needle (outlined by blue dotted line) approaches the surface of an exposed and elevated FDL tendon (A) prior to creating the stab injury defect (depicted by black oval). Picrosirius red stained longitudinal sections of (B) injured (blue arrow) and (C) uninjured, sham operated FDL tendons are visualized under polarized light (5× magnification). Note that the tissue section in (B) is oriented through the center of the stab injury. Maximum force (D), work to maximum force (E) and stiffness (F) were measured in isolated FDL tendons immediately following a puncture injury produced by various needle gauge sizes. Results are represented as mean ± SEM (n = 7--9). \*\*\* p\<0.001, \*\* p\<0.01 and \* p\<0.05.](pone.0091234.g001){#pone-0091234-g001}

Biomechanical properties of the FDL tendon in obese, HF-fed and lean mice {#s3b}
-------------------------------------------------------------------------

Male C57BL/6 mice were placed on a HF (60% kcal) or low fat (10% kcal) diet for 12 weeks. The high fat diet resulted in a 65% increase in body weight over the lean controls (46.9±.7 g versus 28.5±.4 g; p\<.001; [Figure 2A](#pone-0091234-g002){ref-type="fig"}). Fasting blood glucose levels were 90% higher in the HF diet group when compared to lean (294.0±32.8 mg/dl versus 155.0±53.2 mg/dl; p\<.001; [Figure 2B](#pone-0091234-g002){ref-type="fig"}), confirming the hyperglycemia and metabolic dysfunction of this mouse model of type 2 diabetes. Reversal of the obesity and associated metabolic dysfunction was observed after placing HF-fed mice back onto the lean diet for a subsequent 12 weeks ([Figure 2A,B](#pone-0091234-g002){ref-type="fig"}).

![Long-term effects of high fat diet on biomechanical properties of FDL tendon in the absence of injury.\
Five-week-old C57BL/6 male mice were placed on HF (60% kcal from fat) or lean control diets (10% kcal from fat) for 12 weeks. After 12 weeks on diet, half of the HF-fed mice were switched to the lean diet and continued on this diet for an additional 12 weeks along with comparable numbers of mice continuously fed the lean diet. Body weight (A) and fasting glucose levels (B) were determined in all groups at the 12 and 24 week time points. Maximum force (C,F), work to maximum force (D,G) and stiffness (E,H) were measured in FDL tendons harvested at 12 weeks (C,D,E) and 24 weeks (F,G,H) from each of the diet groups. Results are represented as mean ± SEM (n = 7 at 12 weeks and n = 5--6 at 24 weeks). \*\*\* p\<0.001 and \* p\<0.05.](pone.0091234.g002){#pone-0091234-g002}

Biomechanical analyses were performed on FDL tendons from HF-fed and lean mice in the absence of injury to determine if obesity and diabetes compromised tendon biomechanical properties. After an initial 12 weeks on diet, no significant difference in biomechanical parameters was observed between mice on the HF and lean diets ([Figure 2C--E](#pone-0091234-g002){ref-type="fig"}). In contrast, a significant decrease in maximum force was observed in tendons from HF-fed mice relative to the lean diet-fed mice after 12 subsequent weeks on the lean diet ([Figure 2F--H](#pone-0091234-g002){ref-type="fig"}).

Tendon repair in a mouse model of type 2 diabetes {#s3c}
-------------------------------------------------

After 12 weeks of HF or lean diet feeding, mice were subjected to the right FDL tendon puncture injury. Biomechanical properties of tendons were assessed over the subsequent 28 days as a function of diet. The maximum force, work to maximum force, and stiffness for each injured tendon were normalized to values determined from the respective contralateral tendon. Biomechanical properties of FDL tendons from the HF-fed mice were significantly compromised relative to values from lean-fed mice as expressed by the interaction term computed from two-way ANOVA (p\<0.05). Additionally, from post-hoc analysis, statistically significant differences were observed in normalized maximum force (p\<0.01; [Figure 3A](#pone-0091234-g003){ref-type="fig"}), normalized work to maximum force (p\<0.01; [Figure 3B](#pone-0091234-g003){ref-type="fig"}), and normalized stiffness (p\<0.05; [Figure 3C](#pone-0091234-g003){ref-type="fig"}) at 28 days between HF-fed and lean-fed mice. Consistent with our earlier data, sham operated tendons showed no significant differences in biomechanical parameters between diet groups.

![Effect of diet on biomechanical properties of the FDL tendon during injury repair.\
Five-week-old C57BL/6 male mice were placed on HF (60% kcal from fat) or lean control diets (10% kcal from fat) for 12 weeks. Following stab injury, mice were maintained on their respective diets until sacrifice. FDL tendons were harvested at the time points indicated and biomechanical properties determined. Maximum force (A, D), work to maximum force (B, E) and stiffness (C, F) were measured in injured (A,B,C) and contralateral control tendons (D,E,F). Values for injured tendons were normalized to the respective contralateral tendons at 7,14 and 28 days. Results are represented as mean ± SEM (n = 6--8). Body weight (H) and fasting blood glucose (I) were measured at the time of injury and again at tissue harvesting. Results are represented as mean ± SEM (n = 9--10). \*\*\* p\<0.001, \*\* p\<0.01 and \* p\<0.05.](pone.0091234.g003){#pone-0091234-g003}

Weight and fasting glucose levels were monitored in the injured mice over the course of the 28 day repair period. No changes in either weight or glucose levels were detected in mice on the HF or lean diets.

Histologic analysis of tendon repair following puncture injury {#s3d}
--------------------------------------------------------------

The results of biomechanical testing of the FDL tendon following puncture injury argue for a detrimental effect of HF-feeding and the associated obesity and type 2 diabetes on this process. To assess the repair process at the tissue and cellular level, a histologic examination of the tendons at 14 and 28 days post-injury was performed. The most apparent difference in the two dietary treatments was the consistently smaller cellular and fibrous repair tissue at the injury site at both time points in the high fat diet-fed mice ([Figure 4A--D](#pone-0091234-g004){ref-type="fig"}). The repair tissue area fraction was significantly reduced in the HF-fed compared to LF-fed mice at day 14, and tended to continue to be reduced at day 28 as well ([Figure 4C](#pone-0091234-g004){ref-type="fig"}). Cellularity in the repair tissue was also lower in the HF-fed mice at the 14 and 28-day time points, albeit these differences were not statistically significant ([Figure 4D](#pone-0091234-g004){ref-type="fig"}). Visualizing picrosirius red-stained sections under polarized light revealed the degree of collagen fiber alignment in the zone of repair and in the surrounding uninjured tendon ([Figure 4E--H](#pone-0091234-g004){ref-type="fig"}). The degree of collagen remodeling and fiber alignment at day 28 in the injured area of the tendon was less in the HF mice relative to lean controls ([Figure 4G, H](#pone-0091234-g004){ref-type="fig"}). This is consistent with compromised biomechanical properties at that time point and is associated with decreased repair tissue size and cellularity.

![Effect of high fat diet on tissue repair, cellular recruitment and collagen organization/fiber alignment during the FDL tendon repair process.\
Mice were placed on HF or lean control diets for 12 weeks. Following stab injury, mice were maintained on their respective diets until sacrifice. FDL tendons were harvested at 7 day intervals for 28 days and processed for histologic analysis. Longitudinal sections of injured FDL tendons at day 14 from mice on lean (A) or HF (B) diets were stained with hematoxylin-eosin (5× magnification). Area of repair tissue (increased cellularity) was quantitated as a fraction of total tendon area (C). The number of cells per unit area of repair tissue was determined (D). Longitudinal sections of uninjured (E,F) and injured FDL (G--H) tendons at day 28 were stained with picrosirius red and visualized under polarized light (20× magnification). Brighter color intensities indicate organized and aligned collagen fibers while zones of disorganized or absent collagen appear dark. Results are represented as mean ± SEM (n = 2--4). \* p\<0.05.](pone.0091234.g004){#pone-0091234-g004}

Insulin receptor expression in cells at the site of tendon injury repair {#s3e}
------------------------------------------------------------------------

It has been reported that tendon injury repair is defective in obese, type 2 diabetic patients [@pone.0091234-Clement1]. Data presented here confirm these observations in a classic mouse model of obesity and type 2 diabetes. It is not known, however, whether insulin resistance of obesity and diabetes is directly affecting the cells involved in the tendon healing process or affects healing indirectly through the associated hyperglycemia and other metabolic dysfunction that are characteristic of this condition. To begin to address this question, the expression of insulin receptors on the cells in the healing tendon was assessed.

Immunohistochemical staining with an anti-insulin receptor antibody demonstrated that cells at the tendon repair site expressed abundant insulin receptors in both HF-fed and lean mice ([Figure 5A,B](#pone-0091234-g005){ref-type="fig"}). This positivity was observed at all-time points during the repair process and in both the injured and uninjured tendons (data not shown). These findings suggest that insulin may potentially have direct effects on the tendon healing process as well as on normal tendon metabolic homeostasis.

![Insulin receptors are expressed by cells involved in the FDL tendon repair process.\
Longitudinal sections of FDL tendons from lean (A) and HF (B) diet-fed mice at day 28 post-injury were stained for insulin receptors (20× magnification). Strong positive staining (brown) was present in the majority of cells in the repair zone regardless of dietary treatment.](pone.0091234.g005){#pone-0091234-g005}

Discussion {#s4}
==========

Diabetic patients are at increased risk for tendinopathies [@pone.0091234-Abate1]. The prevalence of these conditions in both type 1 and type 2 diabetes increases with duration of the disease and may be linked to hyperglycemia [@pone.0091234-Abate1]. Several clinical case reports describe thickened, fibrotic tendons and decreased range of motion in diabetic patients [@pone.0091234-Chen1], [@pone.0091234-Akturk1], [@pone.0091234-Ramirez1]. Importantly, these patients are also at increased risk for tendon rupture and have less satisfactory outcomes following surgical repair [@pone.0091234-Abate1], [@pone.0091234-DiDomenico1]. In the current study, biomechanical testing in injured FDL tendons from a HF diet-induced obese, type 2 diabetic mouse model demonstrates the detrimental effect of this metabolic state on tendon repair. Biomechanical properties of repaired tendons from these obese, diabetic mice are inferior to those of lean control mice. The difference in biomechanical properties of the two populations, however, was only statistically significant at day 28 post injury. This suggests that the deficiencies in the tendon repair process in HF diet-induced obese, diabetic mice were only manifest in the later stages of repair, perhaps during the remodeling phase. The assessment of collagen organization and alignment using picrosirius red staining with visualization under plain polarized light supports this contention that remodeling is delayed or impaired in this model of HF diet-induced obesity and type 2 diabetes.

As stated above, tendons from diabetic patients tend to be abnormal in parameters of strength and functionality. Results of current investigations were somewhat surprising in that biomechanical properties of the FDL tendon in the absence of injury were not compromised in mice after 12 weeks on a high fat diet. However, these parameters were subsequently decreased when HF-fed mice were placed on lean chow diets for an additional 12 weeks and compared to mice maintained for similar periods of time exclusively on a lean chow diet. These results may be consistent with clinical observations indicating that risk for tendinopathies in diabetic patients is associated with duration of disease [@pone.0091234-Rosenbloom1], [@pone.0091234-Aydeniz1]. While switching from HF to lean chow diets reverses obesity and diabetes over the course of 12 weeks, some pathologic changes that are initiated during the HF-feeding stage are expected to be retained if not increased, though at progressively decreasing intensity over the subsequent 12 week period as metabolic dysfunction corrects. These cumulative changes to the tendon may ultimately reach levels that compromise biomechanical properties to a degree that can be detected by our experimental methods.

While cellular abnormalities in tendon repair have not previously been characterized in models of type 2 diabetes, Chbinou et. al. [@pone.0091234-Chbinou1] have described decreased inflammatory cellular infiltrates and decreased cellular proliferation in response to tendon injury in a streptozotocin-induced type 1 diabetic rat model. The results in the current report also document decreased cellular recruitment to or proliferation at the tendon injury site resulting in smaller scar tissue area. Appreciating the many important differences in type 1 and type 2 diabetes, the common characteristics of hyperglycemia and decreased cellular insulin signaling are potential mediators of the cellular abnormalities that are observed in both. The similarities in abnormal tendon repair between models of type 1 diabetes and our HF diet-induced type 2 diabetes also support the conclusion that it is the metabolic dysfunction of diabetes not the high fat diet alone that is responsible for defects in tendon repair. Additional investigations, however, will be required to address the relative contributions of HF diet alone versus the interrelated metabolic dysfunction of obesity and type 2 diabetes on tendon repair.

The natural aging process is well known to negatively affect collagen-containing tissues such as tendon, in part through the accumulation of advanced glycation end-products (AGE) which crosslink collagen molecules [@pone.0091234-Vlassara1]. The hyperglycemia of diabetes is associated with accelerated glycation of proteins and an increased accumulation of AGE crosslinking in long-lived proteins such as collagen [@pone.0091234-Singh1], [@pone.0091234-Brownlee1]. In regards to tendon integrity, crosslinking from glycation induces an expansion of the molecular packing and also covalently crosslinks collagen to soluble plasma proteins [@pone.0091234-Tanaka1]. The pathological crosslink formation induced by AGE leads to increased stiffness of the protein matrix, hence impeding function as well as increasing resistance to removal by proteolytic means, which in turn affects the process of tissue remodeling [@pone.0091234-Reddy1]. Thus, it is logical to propose that diabetics with hyperglycemia and accelerated changes in collagen structure contribute to compromised tendon integrity and an impaired tendon healing process.

While hyperglycemia has received most attention when mechanisms mediating tendinopathies in diabetes are discussed, our observation that insulin receptors are expressed in most cells at the site of tendon repair argues for a potentially direct effect of insulin on tendon repair that may be disrupted by insulin deficiency (type 1 diabetes) or insulin resistance (type 2 diabetes). Future work must identify the cells in the tendon repair process whose numbers and/or functions are compromised in diabetes. Determining the mechanism of the diabetes-dependent dysfunction will also be critical in addressing potential therapeutic interventions to promote tendon healing.
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